To quantitatively investigate the relationship between freshwater discharge regulation 162 caused by the TGD's operation and the tide-river dynamics, monthly averaged 163 hydrological data for both pre-TGD (1979) (1980) (1981) (1982) (1983) (1984) 174 In tidal rivers, the tidally averaged water level (i.e. residual water level) depicts a steady 175 gradient, which usually increases with freshwater discharge (e.g. Sassi and Hoitink, (1) 180 where U is the cross-sectional averaged velocity, Z is the free surface elevation, h is the 181 water depth, g is the acceleration due to gravity, t is the time, ρ is the water density, water level set to 0 at the estuary mouth (i.e. ̅ = 0 at x = 0), the integration of 191 Equation (2) leads to an analytical expression for the residual water level
Basic equations
193
To derive the analytical solutions for tide-river dynamics, we assume that the 194 longitudinal variation of cross-sectional area ̅ and width ̅ can be described by the 195 following exponential functions (see also Toffolon et al., 2006; Cai et al., 2014a) :
where 0 ̅̅̅ and 0 ̅̅̅ represent the tidally averaged cross-sectional area and width at the 199 estuary mouth, respectively, ̅̅̅ and ̅̅̅ represent the asymptotic riverine cross-200 sectional area and width, respectively, and a and b are the convergence lengths of the 201 cross-sectional area and width, respectively. The advantage of these equations for 202 approximating the shape of the estuary is that they account not only for the exponential 203 shape in the lower part of the tidal river but also for the approximately prismatic channel 204 in the upstream part of the tidal river. We further assume a nearly rectangular cross-205 section; hence, the tidally averaged depth is given by ℎ ̅ = ̅ / ̅ . In this study, we used the analytical solutions proposed by Cai et al. (2014a Cai et al. ( , b, 2016 , It is worth noting that the analytically computed tide-river dynamics μ, δ, λ, and ε only 237 represent local hydrodynamics since they depend on local (fixed position) values of the 238 dimensionless parameters, i.e. the tidal amplitude ζ, the estuary shape number γ, the 239 friction number χ, and the river discharge φ (see Table 1 ). To correctly reproduce the 240 tide-river dynamics for the entire channel, a multi-reach technique is adopted by To quantify the impacts of TGD's operation on the downstream tide-river dynamics, 251 we divided the time series into two periods, including a pre-TGD period (1979) (1980) (1981) (1982) (1983) (1984) 252 representing the condition before the operation of the TGD) and a post-TGD period 253 (2003-2014, after the closure of the TGD with an operating TGD). Figure 2 shows the 254 changes in the observed tidal range ΔH and residual water level ΔZ ̅ before and after 255 the closure of the TGD at the six gauging stations, together with the change in 256 freshwater discharge ΔQ observed at the DT hydrological station. Figure 2 and Figure 2a we observe an increasing trend in tidal range for the post-TGD period at 268 the six gauging stations, except for the marked decrease at the ZJ station in the first half respectively. Figure 3 presents the computed tidal damping rates for different reaches 298 along the Yangtze estuary based on the observed tidal ranges at the six gauging stations.
299
It is remarkable that the tidal damping rates at the ZJ-NJ and MAS-WH reaches have 300 significantly increased during the post-TGD period, which suggests an enhancement of 301 tidal dynamics under the current freshwater discharge conditions. On the contrary, a 302 noticeable decrease in δH was observed at the JY-ZJ reach, which corresponds to a 303 decrease in tidal range at the ZJ station for the low river discharge conditions (from 304 January to May, see Figure 2a ). At TGS-JY and NJ-MAS, no significant change in δH 305 is observed. In Figure 4 , a consistent decrease in the residual water level slope S is 306 observed along the Yangtze estuary, except for the JY-ZJ reach. This means that the 307 residual friction effect becomes weaker in the post-TGD period since the residual water 308 level slope is primarily balanced by the residual friction term (Cai et al., 2014a (Cai et al., , b, 2016 . The analytical model presented in Section 3.2 was subsequently applied to the Yangtze 320 River estuary, with the seaward boundary using the tidal amplitude imposed at the TSG 321 station and the landward boundary using the river discharge imposed at the DT station.
322
The computation length of the estuary is 470 km, covering the entire estuary from TSG (4) and (5), are presented in Table 3 , transition period (i.e. autumn) and slightly increased freshwater discharge in the dry 360 season (i.e. winter) due to the TGD's operation since 2003 (see Table 2 ). On the other number δ before and after the closure of the TGD, in which we clearly identify that the 373 longitudinal tidal damping effect was considerably weakened in autumn, while it was 374 slightly enhanced in winter after the TGD closure. This was expected since freshwater 375 discharges tend to dampen the tidal wave primarily through the enhancement of the 376 friction term (Horrevoets et al., 2004; Cai et al., 2014a Cai et al., , b, 2016 . Figures 6b, d, considerably coarsening the bedload (Yang et al., 2014) . In particular, the river 415 immediately downstream eroded at a rate of 65 Mt/yr in 2001 -2002 (Yang et al., 2014 . and its influence on the estuarine morphology normally has a lag effect of at least 4-5 424 years, as discussed by Wang et al. (2008) . Hence, the adopted geometry has been only 425 partly altered after the TGD closure. Consequently, we concluded that the impact of the 426 channel geometry alteration on tide-river dynamics in the Yangtze River estuary is 427 limited and, thus, the correspondence with the observed tidal amplitude and residual 428 water level for the pre-TGD period is good, such that we even used the geometry 429 surveyed in 2007. the riverine influence dominates that of the tide, the difference is also small due to the 467 attenuation of the tidal wave propagation over a long distance. Consequently, the most 468 significant changes in major tide-river dynamics occurred in the middle reach of the 469 Yangtze River estuary due to the discharge regulation of the TGD during the wet season.
470
By contrast, during the dry season (winter-spring), especially in winter, the opposite 471 trend was observed, indicating a slight increase in γ and χ, and a slight decrease in S 472 and ℎ ̅ due to the additional release of discharge from the TGD. In addition, we also 473 observed that the changes in tide-river dynamics caused by the TGD's operation were 474 much stronger upstream than in the lower stream. including navigation, flood control, tidal limit variation, and salt intrusion. The navigation condition is mainly controlled by both high water and low water levels. 
